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Abstract
1. Understanding the ecology and evolution of wildlife and domesticated species 
requires knowledge of their physiological responses to environmental change and 
the constraints under which they operate. However, whole animal experiments 
are often limited in sample size and can be logistically and ethically challenging. 
Culture techniques represent a powerful approach, but are used infrequently in 
field research due to practical constraints. We used minimal tissue culture equip-
ment in a remote field site for in vitro explant experiments using blubber from wild 
grey seals Halichoerus grypus. Assessing explant viability and detecting microbial 
contamination in remote field sites, where facilities are often small, unspecialised 
and more vulnerable to bacterial or fungal infection, present major challenges.
2. We investigated whether oxygen- sensitive planar optodes (OSPO) in closed sys-
tem respirometry could be used to assess oxygen consumption by blubber ex-
plants from suckling and fasting wild seal pups as a proxy for viability. We also 
explored whether OSPOs could provide rapid information on whole animal rel-
evant physiological metrics by determining whether explant oxygen consumption 
correlated with the nutritional state of the animal, blubber depth and other tissue 
metabolic properties, including glucose uptake, lactate production and lipolysis.
3. Vials containing blubber explants consumed significant amounts of oxygen com-
pared to controls, showing tissues were metabolically active. Oxygen consumption 
differed between nutritional states and blubber tissue depth. These differences 
were reflected in other tissue metabolic properties. Dissolved oxygen levels re-
mained consistent over 24 hr in 94% of control vials containing only culture media. 
In 6% of control vials extremely rapid oxygen consumption preceded, by 2– 3 days, 
colour changes in the phenol- red containing media that indicate lactic acidosis 
from microbial metabolic activity.
4. Oxygen use in control vials was, therefore, an effective monitoring system 
that provided vital early warning of media contamination, allowing stocks to be 
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1  | INTRODUC TION
Wildlife species face multiple challenges: Their survival is impacted 
by unprecedented rates of environmental change, reduced re-
source availability and increasing conflict with humans (Acevedo- 
Whitehouse & Duffus, 2009). Similarly, domesticated species face 
physiological challenges from human- altered natural environ-
ments and rearing, housing and transport conditions (Chaloupkova 
et al., 2007; Collins et al., 2018), affecting welfare, food quality 
and productivity (Herbut et al., 2019; Moore & Ghahramani, 2013). 
Knowledge of physiological constraints and understanding animals' 
responses to natural and anthropogenic stressors are fundamental 
to predicting and mitigating stock, population and species conse-
quences of environmental change. However, obtaining sufficient 
subjects, performing multiple exposures, time courses and dose re-
sponses and using known harmful treatments prohibit whole animal 
level investigations of key questions relevant to welfare, conserva-
tion and ecology.
Tissue and cell culture have become pivotal techniques in an-
imal physiology (Bryant et al., 2000; Freshney, 2015), allowing 
complex experimental design to be undertaken using paired cells 
or tissue, thus increasing the scope of biological questions that can 
be addressed and the statistical power to answer them (Bennett 
et al., 2017; Bryant et al., 2000; Robinson et al., 2018). Culture tech-
niques can be used to measure and manipulate fundamental biolog-
ical processes such as growth, development, metabolic dynamics, 
endocrine effects and disease progression (Willmer, 2015), and are 
vital for exploring the impacts of potentially dangerous chemicals 
(Bryant et al., 2000) or drug effectiveness (Imamura et al., 2015).
Cell and tissue culture also have important applications in wild-
life biology and conservation (Boroda, 2017), including investigation 
of disease (Smith et al., 1998); cryopreserving germ cells (de Queiroz 
Neta et al., 2018; Mastromonaco et al., 2014; Tovar et al., 2008; 
Veraguas et al., 2017); and understanding physiological responses in 
both wild (Bennett et al., 2017, 2021; Robinson et al., 2018) and do-
mestic (Etherton & Evock, 1986; May et al., 1994) animals. However, 
such work in remote settings is challenging because locating and 
retrieving samples from individuals can be invasive, stressful and 
logistically challenging. Transport time to dedicated tissue culture 
facilities may be prohibitively lengthy (Tovar et al., 2008) and cell 
isolation may be too involved or complex to be practicable with 
limited facilities or personnel. Where cell lines can be established, 
experiments on cells derived from such animals can be moved back 
into dedicated cell culture laboratories, and used indefinitely (Wang 
et al., 2011). However, some cells, such as adipose, are very fragile 
or yield too few cells during preparation to perform robust experi-
ments. In addition, progenitor cells may not divide and differentiate 
using standard conditions (Louis et al., 2015). In these cases, where 
a simple laboratory can be set up, straightforward tissue explant cul-
ture experiments may be more suitable (Bennett et al., 2017, 2021; 
Robinson et al., 2018).
Ensuring tissue viability and maintaining sterile conditions are 
essential for tissue culture (Lincoln & Gabridge, 1998). Standard 
techniques to determine viability or cytotoxicity in cell culture in-
clude trypan blue exclusion, neutral red uptake, florescent staining, 
triphenyl tetrazolium chloride reduction or luminogenic ATP assays 
(Riss, Moravec, et al., 2016; Riss, Niles, et al., 2016). However, these 
methods require the assays to be done in real time and/or tissue 
pieces are often too thick to allow cells to be counted individually. 
The additional time and equipment to undertake these assays may 
not be available in remote laboratories. Methods requiring explant 
digestion also prevent downstream applications, and the tissue dis-
ruption may itself destroy the cells, thus underestimating cell number 
counts. Alternatively, lactate dehydrogenase (LDH) or other intracel-
lular enzymes in the media can be assayed (Niles et al., 2007; Riss, 
Niles, et al., 2016). However, elevation of such enzymes in media 
is inevitable because some tissue damage occurs during explant 
preparation making it challenging to assess the true number of viable 
cells. Although differences in signal could be used to assess relative 
time- related or treatment- induced changes, background variabil-
ity would be high. In addition, LDH loses its activity after freezing 
(Starnes, 2008), even at −80°C, producing spurious data if the assay 
cannot be performed on fresh media, which is often the case in re-
mote field labs where plate readers, especially with fluorescence or 
luminescence capability, are not typically available. Real time, on- 
site testing is vital to confirm that culture protocols are working as 
expected to ensure tissue obtained in the wild remains viable.
Lack of sterile conditions is often a limiting factor for tissue cul-
ture outside of dedicated facilities (Tovar et al., 2008). The separa-
tion of suitable culture laboratories from the, often remote, locations 
discarded, which prevented erroneous results and avoided waste of valuable field 
time and irreplaceable samples. OSPO are thus a useful tool for simultaneously 
assessing tissue oxygen consumption, investigating functional physiological dif-
ferences and monitoring microbiological contamination in culture experiments, 
particularly in field laboratories studying live tissues from wildlife.
K E Y W O R D S
bacterial contamination, blubber depth, fasting, feeding, field laboratory, metabolic function, 
oxygen sensor, respirometry, tissue culture, viability
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where tissues are obtained represents a serious obstacle to conduct-
ing culture research in non- laboratory species (Tovar et al., 2008). 
Contamination risk is generally higher when samples are collected in 
natural environments, where there is less protection from bacterial 
and fungal spores (Marsili et al., 2000; Mastromonaco et al., 2014; 
Tovar et al., 2008), but fewer facilities to exclude or monitor microbial 
growth. Adopting new methods that can rapidly identify contamina-
tion will allow researchers to use tissue culture approaches outside of 
traditional model species or at distance from dedicated laboratories.
Oxygen- sensitive planar optodes (OSPO) are an established, 
non- invasive method for measuring dissolved oxygen. They have 
been used in food packaging to signal spoilage (Banerjee et al., 2016) 
and more recently to explore energetics of marine invertebrates 
in closed system respirometry (e.g. Calosi et al., 2013; Karythis 
et al., 2020). They have been used in cell culture (Ge et al., 2006) 
to measure viability over up to 168 hr (Deshpande et al., 2004; 
Naciri et al., 2008). OSPO have photoluminescent coatings that are 
quenched by oxygen, resulting in linear changes in luminescence 
intensity after excitation (Papkovsky & Dmitriev, 2013). OSPO lu-
minescence does not consume oxygen and can be monitored exter-
nally through transparent vessel walls (Banerjee et al., 2016). OSPO 
are therefore a flexible tool that can be used in a variety of contexts 
to assess viability, physiological responses and contamination simul-
taneously and therefore possess enormous potential for deployment 
in field laboratories used for tissue culture.
We investigated whether OSPO could be used in a minimal tis-
sue culture laboratory in a remote field station to assess the viability 
of blubber tissue explants from wild, suckling and fasting grey seal 
Halichoerus grypus pups; whether nutritional state, tissue depth and 
other indicators of metabolic function, such as glucose uptake, cor-
related with oxygen use in these experiments; whether the sensors 
could indicate if microbial contamination had occurred in the media 
and if using OSPO provides earlier indication of contamination than 
the changes in media colour commonly used to identify this problem.
2  | MATERIAL S AND METHODS
2.1 | Study site and ethics approvals
Fieldwork to sample wild grey seal pups was conducted on the Isle 
of May, Scotland (56°11′N, 02°33′W) under permit from Scottish 
Natural Heritage (SNH) in 2017. Sample collection was performed 
by personal licence holders under the Sea Mammal Research Unit 
UK Home Office Project Licence (no. 70/7806) in compliance with 
Animal (Scientific Procedures) Act (ASPA) 1986 and received ethical 
approval from Abertay University (EMS2159).
2.2 | Study animals
Grey seal females, individually identifiable by a previously deployed 
brand or flipper tag, were observed from when they came ashore 
to pup. Birth and weaning dates of their pups were recorded. Pups 
were included in this study if they were at an appropriate predicted 
mass for their age (at day 15 post- partum or day 12 after weaning) 
and if they did not have any obvious indications of ill health. Pup 
mass change trajectories during suckling (Anderson & Fedak, 1987; 
Fedak & Anderson, 1982) and the natural 1– 6 week postweaning fast 
(Bennett et al., 2010; Hall et al., 2001) have been well studied in grey 
seals, and signs of infection or injury are easily detectable (Baker 
et al., 1980; Baker & Baker, 1988) enabling us to identify healthy 
individuals for the study. Blubber biopsies for explant culture were 
collected from nine pups at day 15 post- partum (feeding samples) 
and from 13 pups at day 12 after weaning (fasting samples). Three 
pups were sampled at both time points. All postweaning animals had 
weaned at a normal time and weight from their mothers.
2.3 | OSPOs in closed- system respirometry
Sterilisation was performed using 70% ethanol or ultraviolet (UV) light 
in a transportable PCR hood (Triple Red). UV sterilised 2- ml screw 
cap glass vials with flat bases and caps (Thermo Scientific, C4010- 
95W) were used as closed respirometry chambers. A small amount 
of medium viscosity silicone grease (Bayer, ACROS Organics™) was 
applied to the bottom inside each vial using sterile tweezers, and the 
open vials were UV sterilised again. One OSPO per vial (Presens, 
SP- PSt3- NAU) was washed in 70% ethanol and carefully adhered to 
the grease using sterile tweezers with the readable (red) side fac-
ing the glass (as per the manufacturer's instructions) until the spot 
sensor was flush with the vial surface, with no air bubbles or grease 
obscuring the sensor. Finally, 1.5 ml of complete cell culture media 
(medium 199, Hanks' balanced salts with 1% antibiotic antimycotic 
solution, 1% fatty acid supplement and 5% charcoal- stripped foetal 
bovine serum) was added to each vial, and they were sealed with 
a UV- sterilised screw cap (Figure 1). M199 media are HEPES buff-
ered, which avoids the need for continual gassing to maintain pH. 
The pH was therefore expected to remain stable for the duration of 
the experiments and major deviations could be observed by colour 
changes in the phenol red indicator.
Once ready for use (Figure 1), vials were transferred to a ster-
ile, humidified incubator maintained at 37°C and 5% CO2 (Thermo 
Scientific, Midi 40 CO2 Incubator, model: 3404). All vials used here 
were made up at least 12 hr prior to the addition of tissue to allow 
oxygen to equilibrate between the media and the remaining head 
space in the vials as they warmed.
2.4 | Blubber sampling and explant protocol
Blubber sampling and generating explants were performed as de-
scribed previously (Robinson et al., 2018). Briefly, pups were given 
a mass- specific intravenous dose of Zoletil100™ and subcutaneous 
injections of Lignol™ in the dorsal flank. Two full depth 10- mm biop-
sies were taken and immediately cut into ‘inner’ (closest to muscle) 
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and ‘outer’ (closest to skin) sections using sterile surgical scissors, 
and placed into separate 15- ml centrifuge tubes containing warm 
(37°C), sterile Krebs Ringer solution for transport to the field labora-
tory. Incisions were closed with a single suture. Pups were given an 
intravenous dose of Carprieve® to reduce pain and inflammation and 
monitored to ensure biopsy sites healed without complications.
On return to the field laboratory, tissue was washed with 1 ml 
warm sterile Krebs Ringer solution, minced into 5– 10 mg pieces 
and weighed into 100 mg portions, termed explants (Robinson 
et al., 2018). OSPO- containing vials were removed from the incuba-
tor, opened briefly in the PCR hood to add a 100 mg explant, closed 
and returned to the incubator as quickly as possible to create ‘filled’ 
vials (n = 70). Explants floated near the surface of the media and the 
individual segments tended to clump, which is not possible to avoid 
given the properties of the tissue. Explants were not added to 33 
OSPO- containing vials (n = 33), and these were monitored in the 
same way as filled vials to provide controls.
Filled vials contained inner (n = 38) or outer (n = 32) tissue, and 
were collected when the pup was either suckling, termed ‘feeding’ 
(n = 32) or fasting (n = 38) to give the following tissue type and nu-
tritional state combinations: inner/feeding (n = 14), outer/feeding 
(n = 18), inner/fasting (n = 24) and outer/fasting (n = 14). The amount 
of tissue varied between animals and biopsies, and each biopsy gen-
erated tissue for an additional study (see Bennett et al., 2021). Thus, 
a sampling event generated one to five explants per individual for 
the current study.
2.5 | Oxygen measurement
Media oxygen concentration was measured using a polymer opti-
cal fibre (POF) connected to a Fibox 4 trace oxygen meter (Presens) 
following the manufacturer's instructions. Temperature correc-
tion was performed using input from a separate temperature sen-
sor. To account for changes in oxygen concentrations from rapidly 
falling media temperature when removed from the incubator, all 
oxygen measurements were corrected to 35°C prior to statistical 
analysis using calibration data generated for each OSPO as follows. 
Vials containing 1.5 ml complete media and the OSPOs were made 
without explants, alongside vials containing 1.5 ml complete media 
without OSPO. Vials were warmed to 37°C in the incubator. Oxygen 
concentration in OSPO vials were read immediately on removal from 
the incubator, concurrent with the temperature of its matched non- 
OSPO vial using a temperature sensor (Pt100, Presens) connected to 
the Fibox oxygen meter. Readings were taken every few seconds as 
the paired vials cooled to 24°C. A linear regression was fitted to the 
data for each OSPO using R 3.4.1 (R Development Core Team, 2012), 
to calculate a correction factor for each OSPO. Subsequent oxygen 
measurements in experiments were taken in tandem with a temper-
ature reading from a non- OSPO vial to allow the temperature cor-
rection to be applied for each reading.
Oxygen concentrations and temperature were read 1, 5, 9 and 
24 hr after explant addition for both control and filled vials. Vials 
were read in batches of six to minimise the time vials were outside 
of the incubator and the number of times the incubator door was 
opened, to avoid compromising incubator sterility and temperature 
stability. On eight occasions, the same control vial was used to gen-
erate data for multiple explant vials within a 48- hr period. Variation 
in oxygen concentrations at 0 and 24 hr reads between control vials 
read multiple times lay within the same range as those read once. 
Changes in oxygen concentrations (mg/L) between measurement 
intervals and over the entire 24- hr period were calculated to give 
oxygen use per hour (mg L−1 hr−1 100 mg−1).
2.6 | Metabolite measurement
After 24 hr, media were aspirated and aliquoted, and explants were 
flash frozen in liquid nitrogen. Media and explants were stored at 
−80°C. Media glucose and lactate concentrations were measured 
using Randox (County Antrim, UK) kits (glucose: GL364 and lactate: 
LC2389) and standards. Glucose was measured in a 96- well plate 
format using 2.5 μl media or standard and 250 μl reagent and meas-
ured in a BioTek (Swindon, UK) ELx800 plate reader. Media lactate 
was measured in an RX Monza (Randox) Clinical Chemistry ana-
lyser (Model: 328- 14- 0914) and media glycerol was measured using 
Sigma- Aldrich kit MAK117 according to manufacturers' instructions 
(Bennett et al., 2021; Robinson et al., 2018). Internal quality control 
measurements lay within <±15%. Intra- and inter- assay variability 
for sample analysis was <15% and <10% respectively. Rates of glu-
cose removal and accumulation of lactate and glycerol were calcu-
lated per 100 mg tissue−1 hr−1.
F I G U R E  1   OSPO deployment in 
screw cap glass vials for closed system 
respirometry experiments using blubber 
explants. (A) Diagram and (B) photograph 
of six completed vials
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2.7 | Statistical analysis
Analyses were performed using R 3.4.1 (R Development Core 
Team, 2012). A Mann– Whitney U test was used to compare oxygen 
use between filled and control vials because the data did not have 
a normal distribution, groups did not have equal variance and this 
could not be rectified using transformation.
To investigate differences in oxygen use rates across the 24 hr of 
the explant incubations, linear models were used. Initially, individual 
identities of pups were included as random effects because a num-
ber of explants came from the same individuals. However, individual 
did not explain a significant portion of the variance in our data and 
did not improve model fit, and was therefore removed. An Anderson 
Darling test showed that oxygen consumption rate did not have a 
normal distribution and was therefore logged prior to analysis. Time 
period between oxygen measurements (1– 4, 5– 9 and 10– 24 hr), the 
type of vial (filled vials, control vials and potentially infected vials) 
and an interaction term between time period and vial type were in-
cluded as explanatory variables.
To explore depth and nutritional state differences in oxygen 
use in filled vials, generalised additive mixed models (GAMMs, 
Wood, 2006a) were used. Tissue depth (inner or outer blubber), nu-
tritional state (feeding or fasting) and an interaction term between 
nutritional state and tissue depth were included as explanatory vari-
ables. The model was fitted using the multiple generalised cross val-
idation library mgcv (Wood, 2012). The identities of individual pups 
were fitted as random effect smooths (Wood, 2006b) to account for 
the same individual contributing multiple explants and any variation 
between replicates. Smoothing parameters were set by maximum 
likelihood to reduce overfitting (Wood, 2011). Models were fitted 
with a Gaussian error distribution. Model selection was performed 
by backwards stepwise elimination through examination of R2 values, 
Akaike's information criterion (AIC) values, QQ and residual plots.
Finally, Pearson correlation coefficients were calculated to in-
vestigate associations between uptake and production of the three 
measured metabolic substrates (glucose, lactate and glycerol) and 
oxygen use.
3  | RESULTS
3.1 | Oxygen use in filled versus control vials
Filled vials used significantly more oxygen than control vials over 
24 hr (Figure 2) (Mann– Whitney U = 1,922, p < 0.001, df = 1). Some 
vials (filled n = 8, control n = 2) were excluded from analysis (see 
Section 3.2).
3.2 | Oxygen concentration over 24 hr
Filled vials had lower oxygen concentration than control vials after 
explant addition across all time points measured (Figure 3). This 
confirms that the blubber explants were viable and capable of oxida-
tive metabolism throughout the entire experiment.
Some vials, both filled (n = 8) and control (n = 2), showed a dra-
matically different oxygen use profile to the other filled (n = 62) and 
control (n = 31) vials and were removed from the main analysis since 
they were presumed to be infected by microbes. Oxygen depletion 
occurred within the first 9 hours of the experiments in potentially 
infected vials, even in the absence of explants (Table S1). The culture 
media in the other control vials showed no rapid or large reduction 
in oxygen levels. Declines in other filled vials were gradual over the 
entire 24- hr period post explant addition (Figure 3; Table S1).
Oxygen consumption rates over the time periods between mea-
surements (1– 4, 5– 9 and 10– 24 hr since explant addition) differed 
by type of vial (filled vials, control vials and potentially infected 
vials; linear model: R2 = 0.5, p < 0.001; Figure 4). Within the first 
1– 4 hr after the vials were sealed, control vials had the lowest ox-
ygen consumption rates (p < 0.001). Potentially infected vials had 
higher oxygen consumption rates than both filled and control vials 
(p < 0.001). In control vials, oxygen consumption rate was very low 
and consistent, and did not change significantly throughout the 
24 hr. There was substantial variability in oxygen consumption rate 
between explants. However, explant oxygen consumption rate was 
significantly higher than controls throughout the 24- hr period and 
showed a small but significant increase at 5— 9 hr compared to 1– 4 
and 10– 24 hr (p < 0.001). The rate at 10– 24 hr was not different from 
that at the start (p = 0.06). Potentially infected vials showed highest 
levels of oxygen consumption 1– 4 hr after the vials were sealed, with 
average oxygen consumption 65% higher than in other filled vials. 
There was then a reduction in oxygen consumption rate, such that 
values 5– 9 hr after vial closure were similar in potentially infected 
F I G U R E  2   Oxygen use in filled vials containing a 100- mg 
blubber explant (n = 62) and control vials (n = 31). Median (central 
bar), upper and lower quartiles (box), 1.5× interquartile range 
(whiskers) and outliers (points). Significant differences between 
groups are denoted by asterisks, *** for p < 0.001
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vials and other explant- containing vials. By the final measurement, 
oxygen consumption in potentially infected vials was indistinguish-
able from controls, consistent with the observed oxygen depletion 
(Figures 3 and 4).
At the time of use, there was no observable colour difference 
in the media. However, in the 2– 3 days after these outliers were re-
corded, the batches of culture media used in potentially infected vials 
changed from red to yellow, indicating a pH drop typical of microbial 
contamination. The rapid fall in oxygen levels in the vials early in the 
experiments thus provided a vital early warning of contamination. 
In the worst- case scenario, approximately 300 irreplaceable explant 
experiments would have been rendered unusable if we had relied on 
phenol red media colour change alone as an indicator of suspected 
contamination.
3.3 | Oxygen use and tissue characteristics
Nutritional state (feeding/fasting), blubber depth (inner/outer), an 
interaction term between these two variables and the individual 
identity smooth were retained in the final model investigating 24 hr 
average oxygen consumption in uncontaminated, filled vials. Blubber 
F I G U R E  3   Differences in oxygen use 
in control (n = 2) and filled (n = 8) vials 
with contaminated cell culture media 
(red) compared to control (n = 31) and 
filled (n = 62) vials without contamination 
(black). Dots represent the mean media 
oxygen concentration (mg/L) in different 
vial types and bars represent standard 
errors (note that some SE bars are too 
small to be visible on the plot from 9 hr 
onwards). Pre- explant addition readings 
were taken at 17 hr after vial creation 
and 10 hr before explant addition (mean 
values)
F I G U R E  4   Log rates of oxygen 
consumption in (A) control vials (n = 31, 
black open circles); (B) vials containing 
explants without contamination (n = 62, 
blue open diamonds) and (C) contaminated 
vials (n = 10, red filled triangles). Lines 
and shading represent predicted 
mean response and 95% confidence 
intervals from the model. (D) Model fits 
and confidence intervals overlaid for 
comparison. Vial types and time points 
with different letters (above figure) are 
significantly different from each other 
(p < 0.05; LME)
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from feeding individuals had ~25% higher oxygen consumption than 
tissue from fasting individuals (p = 0.006), and inner blubber had 
~5% higher oxygen use than outer blubber (p = 0.02), (GAMM: 
R2 = 0.52, p < 0.001, Table 1; Figure 5). The interaction term was not 
significant, showing that the magnitude of the difference between 
inner and outer was not different between fed and fasted states.
3.4 | Oxygen use and metabolic substrates
There was a significant positive correlation between oxygen use and 
glucose uptake (r = 0.46, p < 0.001), net lactate generation (r = 0.48, 
p < 0.001) and glycerol generation (r = 0.39, p = 0.002; Figure 6).
4  | DISCUSSION
4.1 | Explant viability
Blubber explants used oxygen at approximately 0.2 mg L−1 hr−1 or 
more across the entire 24- hr period, whereas oxygen use in con-
trol vials did not exceed rates of 0.1 mg L−1 hr−1. Highest rates of 
oxygen use by explants occurred after 5– 9 hr, similar to time- related 
increases in oxygen consumption by rat adipose explants (Mirski, 
1942). Our data thus demonstrate OSPOs can measure oxygen 
consumption by live, viable adipose tissue, despite its typically low 
metabolic activity (Wang et al., 2010). Although we were unable 
to measure viability using commonly used methods, for reasons 
outlined in the introduction, this active oxidative metabolism by 
explants demonstrates tissue viability can be ascertained in real time 
in the field laboratory. The Fibox 4 device used here is ruggedised, 
has a long battery life and highly portable, making it possible to use 
in remote field laboratories, where other viability assays may not be 
possible.
The oxygen consumption rates here were similar to values from 
human abdominal and visceral WAT explants (Table S2; Kraunsøe 
et al., 2010), and, like human adipose, were lower than those mea-
sured in rodents and dog (Hallgren et al., 1990; Mirski, 1942), which 
may result from species differences or allometry. It is possible that 
our measurements underestimate the true oxygen consumption rate 
due to the distance between the OPSO and the explant and the lack 
of shaking, which may have created boundary layers in the media. 
Although shaking is not typically performed in short- term adipose 
explant experiments (Du et al., 2011; Grivel & Margolis, 2009; Miller 
et al., 1991), further optimisation could involve modification to ves-
sel dimensions, positioning of the optode and shaking to minimise 
oxygen depletion close to the explant.
4.2 | Oxygen use, metabolites and tissue properties
Oxygen consumption differed between explants from feeding and 
fasting pups and between ‘inner’ and ‘outer’ blubber, which is con-
sistent with biochemical information from glucose uptake, lactate 
production/use and glycerol production (Robinson et al., 2018) 
and with previous energetic studies at whole animal and tissue lev-
els in seals and rats (Mirski, 1942; Nordøy et al., 1990; Reilly, 1991; 
Robinson et al., 2018). Our data provide further empirical support 
TA B L E  1   GAMM output for variables affecting oxygen use in blubber explants, their estimates, standard errors and p values. Explanatory 
variables with significant p values are highlighted in bold
Dependent variable Explanatory variable Estimate SE p value
Oxygen use (mg L−1 hr−1 100 mg tissue−1) Nutritional state (feeding/fasting) 0.038 0.013 0.006
Blubber region (inner/outer) −0.031 0.013 0.02
Interaction term between nutritional state and tissue type 0.031 0.017 0.08
Smooth term for individual identity N/A N/A 0.003
F I G U R E  5   Oxygen consumption in 
vials containing a 100- mg blubber explant 
of either inner or outer blubber tissue 
from feeding or fasting individuals (n = 62; 
inner/feeding vials (n = 14), outer/feeding 
vials (n = 16), inner/fasting vials (n = 21) 
and outer/fasting vials (n = 11)) with 
median (bar), upper and lower quartiles 
(box), 1.5× interquartile range (whiskers) 
and outliers (points) shown. Significant 
differences between groups are denoted 
by asterisks, ** for p < 0.01 and * for 
p < 0.05
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for higher metabolic rate in blubber tissue closer to the core in 
marine mammals. Although we were unable here to identify the 
specific energy sources used by the explants and determine the 
fate of the carbon, all three measurements of metabolic substrate 
dynamics, and the nutritional and tissue type variation are con-
sistent with the oxygen consumption measured by the OSPOs. 
This is a strong indication that tissue- level oxygen consumption 
measurements may be useful as proxies for tissue metabolic activ-
ity tissues and may be indicative of whole animal metabolic state 
and responses. Tissue oxygen consumption could thus be used to 
assess important physiological differences between animals in dif-
ferent states.
High glucose uptake and lactate generation could indicate 
that explants were hypoxic and glycolytic (Mulukutla et al., 2010). 
F I G U R E  6   Relationships between 
oxygen use in blubber explants and 
glucose uptake (A), lactate uptake/
generation (B) and glycerol generation (C) 
showing Pearson's correlation p value
     |  9Methods in Ecology and EvoluonROBINSON et al.
However, the positive relationship between lactate production 
and oxygen consumption shown here suggests explants with high 
lactate production were not hypoxic, and instead both metrics 
simply indicate higher metabolic activity. Additionally, hypoxia 
inducible factor 1 (HIF1α) protein content was not different be-
tween paired snap frozen and 24 hr incubated explants, suggest-
ing they did not experience hypoxia (Supplementary Information 
file 3, Figure S1). Oxygen limitation occurs in mouse adipose ex-
plants when media oxygen concentration reaches 60– 80 μM (Wan 
et al., 2012). In our study, measurements were well above these 
values for the first 9 hr of the study, suggesting oxygen was not 
limiting aerobic respiration for at least that duration. After 24 hr, 
oxygen content was, on average, 79.7 ± 7.6 μM and <80 μM in 34 
of the 62 uninfected filled vials. Oxygen limitation may thus have 
been responsible for the slowing of oxygen consumption in the 
later portion of the measurement period for some of the explants. 
Viability assessment and physiological measurements using this 
closed system respirometry method should thus be performed 
within 10 hr of explant creation, or, if longer incubation times are 
needed, media must be refreshed. The centre of the explant could 
have become necrotic, even though we have no evidence for hy-
poxia. This could be assessed to provide additional information on 
tissue health by subsequent measurement of necrosis markers in 
the tissue or media.
4.3 | Rapid oxygen depletion can be used for early 
identification of contaminated media
Field researchers need to detect contamination as early as possible 
to avoid wasting valuable samples, time and resources, which may be 
irreplaceable (Ryan, 1994). The development of turbidity or colour 
changes in phenol red indicator when media pH drops are typically 
used as contamination indicators (Langdon, 2004). However, phenol 
red indicators, particularly in HEPES- buffered media, such as that 
used here, are slow to respond to lactate production by microbial 
growth and may not produce an observable colour change at all if 
media are refrigerated or during fungal infection (Chu et al., 2000). 
Exponential growth of microbe populations can rapidly deplete 
local oxygen levels, which can be identified promptly and in real 
time with the appropriate sensors (Papkovsky & Dmitriev, 2013). 
The rapid oxygen depletion detected by the OSPOs in our explant 
experiments indicated contamination 2– 3 days before the infection 
was established enough to cause acidosis- driven colour change in 
the cell culture media. Although we were unable to confirm that our 
samples were contaminated by microbial infection because we did 
not have a microscope or microbiological culture facilities, there 
are no other likely explanations for the rapid oxygen consumption 
observed. Our data show that vials in which oxygen concentrations 
have reached zero within 9 hr of blubber explant addition are likely 
to be contaminated, while uncontaminated vials never reach zero 
within 24 hr. Therefore, alongside assessing metabolic function and 
confirming explant viability, these oxygen sensors could also be used 
in quality control to detect contamination in tissue culture in chal-
lenging locations.
5  | CONCLUSIONS
Understanding factors that alter or impair cellular processes in non- 
model species will only become more important as anthropogenic 
environmental impacts increase. The need for methods to assess 
physiological responses to ecological changes without the need for 
whole animal experiments in wildlife is paramount. Such methods 
may also facilitate work on domesticated species' responses to phys-
iological challenge in remote locations. OSPOs can provide a valu-
able, real- time method for assessing these responses while enabling 
quality control of tissue experiments at field sites without dedicated 
tissue culture laboratories. Their use could expand the tools avail-
able for such research, furthering our knowledge of physiological 
mechanisms that underpin adaptation, ecology and evolution.
ACKNOWLEDG EMENTS
We would like to thank everyone who assisted with colony obser-
vations and sample collection on the Isle of May. We would like to 
thank Scottish National Heritage for the permit to work on the Isle 
of May, Marine Scotland and the Marine Management Organisation 
for permission to undertake seal catching work, and the skipper and 
crew of the Osprey and May Princess for help with gear and person-
nel transport. We would also like to thank Alexandra Tranganida for 
her assistance generating glycerol concentration data.
CONFLIC T OF INTERE S T
The authors declare they have no conflicts of interest.
AUTHORS'  CONTRIBUTIONS
K.A.B. and A.J.H. conceived the ideas for the study; K.A.B., K.J.R., 
H.C.A., S.E.W.M. and A.J.H. designed the methodology; K.J.R., H.C.A., 
L.O. and S.E.W.M. collected the data; K.J.R. and K.A.B. analysed the 
data; K.J.R. and K.A.B. led the writing of the manuscript. All authors con-
tributed critically to the drafts and gave final approval for publication.
PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/2041- 210X.13710.
DATA AVAIL ABILIT Y S TATEMENT
The data used in this study are available in Dryad Digital Repository 
10.5061/dryad.wh70rxwnz (Robinson et al., 2021). Data will also be 
deposited into the British Oceanographic Data Centre (BODC), a 
Natural Environment Research Council (NERC) data centre.
ORCID
Kelly J. Robinson  https://orcid.org/0000-0002-6212-9710 
Ailsa J. Hall  https://orcid.org/0000-0002-7562-1771 
Kimberley A. Bennett  https://orcid.org/0000-0003-2168-6112 
10  |    Methods in Ecology and Evoluon ROBINSON et al.
R E FE R E N C E S
Acevedo- Whitehouse, K., & Duffus, A. L. J. (2009). Effects of environ-
mental change on wildlife health. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 364, 3429– 3438. https://doi.
org/10.1098/rstb.2009.0128
Anderson, S. S., & Fedak, M. A. (1987). Grey seal, Halichoerus grypus, en-
ergetics: Females invest more in male offspring. Journal of Zoology, 
211, 667– 679.
Baker, J. R., Anderson, S. S., Prime, J. H., & Baird, A. (1980). The pa-
thology of the grey seal (Haliochoerus grypus). I. Pups. British 
Veterinary Journal, 136, 401– 412. https://doi.org/10.1016/S0007 
- 1935(17)32244 - 3
Baker, J. R., & Baker, R. (1988). Effects of environment on grey seal 
(Halichoerus grypus) pup mortality. Studies on the Isle of May. 
Journal of Zoology, 216, 529– 537.
Banerjee, S., Kelly, C., Kerry, J. P., & Papkovsky, D. B. (2016). High through-
put non- destructive assessment of quality and safety of packaged 
food products using phosphorescent oxygen sensors. Trends in 
Food Science & Technology, 50, 85– 102. https://doi.org/10.1016/j.
tifs.2016.01.021
Bennett, K. A., McConnell, B. J., Moss, S. E., Speakman, J. R., Pomeroy, P. 
P., & Fedak, M. A. (2010). Effects of age and body mass on develop-
ment of diving capabilities of gray seal pups: Costs and benefits of the 
postweaning fast. Physiological and Biochemical Zoology, 83, 911– 923.
Bennett, K. A., Robinson, K. J., Armstrong, H. C., Moss, S. E. W., Scholl, 
G., Tranganida, A., Eppe, G., Thomé, J. P., Debier, C., & Hall, A. J. 
(2021). Predicting consequences of POP- induced disruption of 
blubber glucose uptake, mass gain rate and thyroid hormone levels 
for weaning mass in grey seal pups. Environment International, 152, 
106506. https://doi.org/10.1016/j.envint.2021.106506
Bennett, K. A., Robinson, K. J., Moss, S. E., Millward, S., & Hall, A. J. 
(2017). Using blubber explants to investigate adipose function in 
grey seals: Glycolytic, lipolytic and gene expression responses to 
glucose and hydrocortisone. Scientific Reports, 7, 1– 11. https://doi.
org/10.1038/s4159 8- 017- 06037 - x
Boroda, A. V. (2017). Marine mammal cell cultures: To obtain, to apply, 
and to preserve. Marine Environment Research, 129, 316– 328. 
https://doi.org/10.1016/j.maren vres.2017.06.018
Bryant, B. P., Savchenko, A., Clark, L., & Mason, J. R. (2000). Potential for 
cell culture techniques as a wildlife management tool for screening 
primary repellents. International Biodeterioration & Biodegradation, 
45, 175– 181. https://doi.org/10.1016/S0964 - 8305(00)00038 - X
Calosi, P., Turner, L. M., Hawkins, M., Bertolini, C., Nightingale, G., 
Truebano, M., & Spicer, J. I. (2013). Multiple physiological re-
sponses to multiple environmental challenges: An individual ap-
proach. Integrative and Comparative Biology, 53, 660– 670. https://
doi.org/10.1093/icb/ict041
Chaloupkova, H., Illmann, G., Neuhauserova, K., Tomanek, M., & Valis, L. 
(2007). Preweaning housing effects on behavior and physiological 
measures in pigs during the suckling and fattening periods. Journal 
of Animal Science, 85, 1741– 1749.
Chu, Y. I., Penland, R. L., & Wilhelmus, K. R. (2000). Colorimetric indi-
cators of microbial contamination in corneal preservation medium. 
Cornea, 19, 517– 520. https://doi.org/10.1097/00003 226- 20000 
7000- 00023
Collins, T., Hampton, J. O., & Barnes, A. L. (2018). A systematic review 
of heat load in Australian livestock transported by sea. Animals, 8, 
164. https://doi.org/10.3390/ani81 00164
de Queiroz Neta, L. B., de Oliveira Lira, G. P., Borges, A. A., de Oliveira 
Santos, M. V., Silva, M. B., de Oliveira, L. R. M., Silva, A. R., de 
Oliveira, M. F., & Pereira, A. F. (2018). Influence of storage time and 
nutrient medium on recovery of fibroblast- like cells from refriger-
ated collared peccary (Pecari tajacu Linnaeus, 1758) skin. In Vitro 
Cellular & Developmental Biology – Animal, 54, 486– 495. https://doi.
org/10.1007/s1162 6- 018- 0270- 6
Deshpande, R. R., Wittmann, C., & Heinzle, E. (2004). Microplates with 
integrated oxygen sensing for medium optimization in animal cell 
culture. Cytotechnology, 46, 1– 8. https://doi.org/10.1007/s1061 
6- 004- 6401- 9
Du, Z. Y., Ma, T., Lock, E. J., Hao, Q., Kristiansen, K., Frøyland, L., & 
Madsen, L. (2011). Depot- dependent effects of adipose tissue ex-
plants on co- cultured hepatocytes. PLoS One, 6, e20917. https://
doi.org/10.1371/journ al.pone.0020917
Etherton, T. D., & Evock, C. M. (1986). Stimulation of lipogenesis in bovine ad-
ipose tissue by insulin and insulin- like growth factor. Journal of Animal 
Science, 62, 357– 362. https://doi.org/10.2527/jas19 86.622357x
Fedak, M. A., & Anderson, S. S. (1982). The energetics of lactation: 
Accurate measurements from a large wild mammal, the grey seal 
(Halichoerus grypus). Journal of Zoology, 198, 473– 479.
Freshney, R. I. (2015). Chapter 1: Introduction. In ‘Culture of animal cells: 
A manual of basic technique and specialized applications’ (pp. 1– 18). 
John Wiley & Sons.
Ge, X., Hanson, M., Shen, H., Kostov, Y., Brorson, K. A., Frey, D. D., 
Moreira, A. R., & Rao, G. (2006). Validation of an optical sensor- 
based high- throughput bioreactor system for mammalian cell 
culture. Journal of Biotechnology, 122, 293– 306. https://doi.
org/10.1016/j.jbiot ec.2005.12.009
Grivel, J. C., & Margolis, L. (2009). Use of human tissue explants to study 
human infectious agents. Nature Protocols, 4, 256. https://doi.
org/10.1038/nprot.2008.245
Hall, A. J., McConnell, B. J., & Barker, R. J. (2001). Factors affecting first- 
year survival in grey seals and their implications for life history 
strategy. Journal of Animal Ecology, 70, 138– 149.
Hallgren, P., Korsback, S., & Sjöström, L. (1990). Measurements of adi-
pose tissue respiration in a closed chamber using an oxygen sen-
sor: Methodological considerations. Journal of Lipid Research, 27(9), 
996– 1005.
Herbut, P., Angrecka, S., Godyń, D., & Hoffmann, G. (2019). The physio-
logical and productivity effects of heat stress in cattle – A review. 
Annals of Animal Science, 19, 579– 594. https://doi.org/10.2478/
aoas- 2019- 0011
Imamura, Y., Mukohara, T., Shimono, Y., Funakoshi, Y., Chayahara, N., 
Toyoda, M., Kiyota, N., Imamura, Y., Mukohara, T., Shimono, Y., 
Funakoshi, Y., Chayahara, N., Toyoda, M., Kiyota, N., Takao, S., Kono, 
S., Nakatsura, T., & Minami, H. (2015). Comparison of 2D- and 3D- 
culture models as drug- testing platforms in breast cancer. Oncology 
Reports, 33, 1837– 1843. https://doi.org/10.3892/or.2015.3767
Karythis, S., Cornwell, T. O., Noya, L. G., McCarthy, I. D., Whiteley, N. 
M., & Jenkins, S. R. (2020). Prey vulnerability and predation pres-
sure shape predator- induced changes in O2 consumption and an-
tipredator behaviour. Animal Behaviour, 167, 13– 22. https://doi.
org/10.1016/j.anbeh av.2020.07.009
Kraunsøe, R., Boushel, R., Hansen, C. N., Schjerling, P., Qvortrup, K., 
Støckel, M., Mikines, K. J., & Dela, F. (2010). Mitochondrial respi-
ration in subcutaneous and visceral adipose tissue from patients 
with morbid obesity. The Journal of Physiology, 588(12), 2023– 2032.
Langdon, S. P. (Ed.). (2004). Cell culture contamination. In Cancer cell cul-
ture (pp. 309– 317). Humana Press.
Lincoln, C. K., & Gabridge, M. G. (1998). Cell culture contamination: 
Sources, consequences, prevention, and elimination. In J. P. Mather 
& D. Barnes (Eds.), Methods in cell biology (Vol. 57, pp. 49– 65). 
Academic Press.
Louis, C., Tift, M. S., Crocker, D. E., Alexander, D., Smith, D. R., & Debier, C. 
(2015). Isolation of progenitor cells from the blubber of northern ele-
phant seals (Mirounga angustirostris) in order to obtain an in vitro adipo-
cyte model- preliminary results. Marine Mammal Science, 31, 764– 773.
Marsili, L., Fossi, M. C., Neri, G., Casini, S., Gardi, C., Palmeri, S., Tarquini, 
E., & Panigada, S. (2000). Skin biopsies for cell cultures from 
Mediterranean free- ranging cetaceans. Marine Environment Research, 
50, 523– 526. https://doi.org/10.1016/S0141 - 1136(00)00128 - 8
     |  11Methods in Ecology and EvoluonROBINSON et al.
Mastromonaco, G. F., González- Grajales, L. A., Filice, M., & Comizzoli, 
P. (2014). Somatic cells, stem cells, and induced pluripotent stem 
cells: How do they now contribute to conservation? In W. Holt, J. 
Brown, & P. Comizzoli (Eds.), Reproductive sciences in animal conser-
vation. Advances in experimental medicine and biology (pp. 385– 427). 
Springer.
May, S. G., Savell, J. W., Lunt, D. K., Wilson, J. J., Laurenz, J. C., & Smith, 
S. B. (1994). Evidence for preadipocyte proliferation during culture 
of subcutaneous and intramuscular adipose tissues from Angus and 
Wagyu crossbred steers. Journal of Animal Science, 72, 3110– 3117. 
https://doi.org/10.2527/1994.72123 110x
Miller, M. F., Cross, H. R., Lunt, D. K., & Smith, S. B. (1991). Lipogenesis in 
acute and 48- hour cultures of bovine intramuscular and subcutane-
ous adipose tissue explants. Journal of Animal Science, 69, 162– 170. 
https://doi.org/10.2527/1991.691162x
Mirski, A. (1942). Metabolism of adipose tissue in vitro. Biochemical 
Journal, 36(1– 2), 232– 241.
Moore, A. D., & Ghahramani, A. (2013). Climate change and broadacre 
livestock production across southern Australia. 1. Impacts of cli-
mate change on pasture and livestock productivity, and on sustain-
able levels of profitability. Global Change Biology, 19, 1440– 1445. 
https://doi.org/10.1111/gcb.12150
Mulukutla, B. C., Khan, S., Lange, A., & Hu, W. S. (2010). Glucose me-
tabolism in mammalian cell culture: New insights for tweaking vin-
tage pathways. Trends in Biotechnology, 28, 476– 484. https://doi.
org/10.1016/j.tibte ch.2010.06.005
Naciri, M., Kuystermans, D., & Al- Rubeai, M. (2008). Monitoring pH 
and dissolved oxygen in mammalian cell culture using optical sen-
sors. Cytotechnology, 57, 245– 250. https://doi.org/10.1007/s1061 
6- 008- 9160- 1
Niles, A. L., Moravec, R. A., Hesselberth, P., Scurria, M. A., Daily, W. J., & 
Riss, T. L. (2007). A homogeneous assay to measure live and dead 
cells in the same sample by detecting different protease markers. 
Analytical Biochemistry, 366, 197– 206.
Nordøy, E. S., Ingebretsen, O. C., & Blix, A. S. (1990). Depressed metab-
olism and low protein catabolism in fasting grey seal pups. Acta 
Physiologica Scandinavica, 139, 361– 369. https://doi.org/10.1111/
j.1748- 1716.1990.tb089 35.x
Papkovsky, D. B., & Dmitriev, R. I. (2013). Biological detection by optical 
oxygen sensing. Chemical Society Reviews, 42, 8700– 8732. https://
doi.org/10.1039/c3cs6 0131e
R Development Core Team. (2012). R: A language and environment for sta-
tistical computing. R Foundation for Statistics Computing. Retrieved 
from http://www.R- proje ct.org
Reilly, J. J. (1991). Adaptations to prolonged fasting in free- living weaned 
gray seal pups. American Journal of Physiology- Regulatory, Integrative 
and Comparative Physiology, 260, 267– 272. https://doi.org/10.1152/
ajpre gu.1991.260.2.R267
Riss, T. L., Moravec, R. A., Niles, A. L., Duellman, S., Benink, H. A., 
Worzella, T. J., & Minor, L. (2016). Cell viability assays. In Assay 
guidance manual. Eli Lilly & Company and the National Center for 
Advancing Translational Sciences.
Riss, T. L., Niles, A. L., Moravec, R. A., Karasinna, N., & Vidugiriene, J. 
(2016). Cytotoxicity assays: In vitro methods to measure dead cells. 
In Assay guidance manual. Eli Lilly & Company and the National 
Center for Advancing Translational Sciences.
Robinson, K., Bennett, K., & Hall, A. (2021). Data from: Oxygen measure-
ments in closed system respirometry using blubber explants from 
suckling and fasting grey seal pups. Dryad Digital Repository, https://
doi.org/10.5061/dryad.wh70r xwnz
Robinson, K. J., Hall, A. J., Debier, C., Eppe, G., Thomé, J. P., & Bennett, K. 
A. (2018). Persistent organic pollutant burden, experimental POP 
exposure and tissue properties affect metabolic profiles of blub-
ber from gray seal pups. Environmental Science and Technology, 52, 
13523– 13534. https://doi.org/10.1021/acs.est.8b04240
Ryan, J. A. (1994). Understanding and managing cell culture contamination. 
Corning Incorporated.
Smith, G. E., Anderson, E. C., Burridge, M. J., Peter, T. F., & Mahan, S. M. 
(1998). Growth of Cowdria ruminantium in tissue culture endothelial 
cell lines from wild African mammals. Journal of Wildlife Diseases, 34, 
297– 304. https://doi.org/10.7589/0090- 3558- 34.2.297
Starnes, J. W. (2008). Effect of storage conditions on lactate de-
hydrogenase released from perfused hearts. International 
Journal of Cardiology, 127, 114– 116. https://doi.org/10.1016/j.
ijcard.2007.06.002
Tovar, H., Navarrete, F., Rodríguez, L., Skewes, O., & Castro, F. O. (2008). 
Cold storage of biopsies from wild endangered native Chilean spe-
cies in field conditions and subsequent isolation of primary culture 
cell lines. In Vitro Cellular & Developmental Biology – Animal, 44, 
309– 320. https://doi.org/10.1007/s1162 6- 008- 9124- y
Veraguas, D., Gallegos, P. F., Castro, F. O., & Rodriguez- Alvarez, L. (2017). 
Cell cycle synchronization and analysis of apoptosis- related gene in 
skin fibroblasts from domestic cat (Felis silvestris catus) and kodkod 
(Leopardus guigna). Reproduction in Domestic Animals, 52, 881– 889.
Wan, Z., Perry, C. G., Macdonald, T., Chan, C. B., Holloway, G. P., & 
Wright, D. C. (2012). IL- 6 is not necessary for the regulation of adi-
pose tissue mitochondrial content. PLoS One, 7(12), e51233.
Wang, J., Su, W., Nie, W., Wang, J., Xiao, W., & Wang, D. (2011). 
Establishment and characterization of fibroblast cell lines from the 
skin of the Yangtze finless porpoise. In Vitro Cellular & Developmental 
Biology – Animal, 47, 618– 630. https://doi.org/10.1007/s1162 
6- 011- 9448- x
Wang, Z., Ying, Z., Bosy- Westphal, A., Zhang, J., Schautz, B., Later, W., 
Heymsfield, S. B., & Müller, M. J. (2010). Specific metabolic rates 
of major organs and tissues across adulthood: Evaluation by mech-
anistic model of resting energy expenditure. American Journal 
of Clinical Nutrition, 92, 1369– 1377. https://doi.org/10.3945/
ajcn.2010.29885
Willmer, E. N. (Ed.). (2015). Chapter 1: Introduction. In ‘Cells and tissues in 
culture: Methods, biology and physiology’ (pp. 1– 19). Elsevier.
Wood, S. (2006a). Generalized additive models: An introduction with R. 
Chapman and Hall/CRC.
Wood, S. (2006b). Low- rank scale- invariant tensor product smooths 
for generalized additive mixed models. Biometrics, 62, 1025– 1036. 
https://doi.org/10.1111/j.1541- 0420.2006.00574.x
Wood, S. (2011). Fast stable restricted maximum likelihood and marginal 
likelihood estimation of semiparametric generalized linear models. 
Journal of the Royal Statistical Society: Series B, 73, 3– 36. https://doi.
org/10.1111/j.1467- 9868.2010.00749.x
Wood, S. (2012). mgcv: Mixed GAM computation vehicle with GCV/AIC/
REML smoothness estimation. Retrieved from http://cran.r- proje 
ct.org/web/packa ges/mgcv/index.html
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Robinson, K. J., Armstrong, H. C., 
Moss, S. E. W., Oller, L., Hall, A. J., & Bennett, K. A. (2021). 
Signs of life: Oxygen sensors confirm viability, measure 
oxygen consumption and provide rapid, effective 
contamination monitoring for field- based tissue culture. 
Methods in Ecology and Evolution, 00, 1– 11. https://doi.
org/10.1111/2041- 210X.13710
